INTRODUCTION {#sec1-1}
============

Sex and sex hormones play a major role in lung physiology.[@ref1] With respect to lung function, males tended to be superior to females with the same anthropometric characteristics. However, after controlling for lung size, female performance surpassed that of males.[@ref2] In animal studies, the conducting airways of female mice have been proposed to be larger than those of males.[@ref3] In the male rat, combined administration of a synthetic potent progestin and estradiol for 5 days significantly increased tidal volume and minute expiratory ventilation.[@ref4]

Sex hormones have been increasingly recognized as regulators of fetal and postnatal lung development.[@ref5] Fetal determinants of airway function may predispose individuals to adult-onset lung diseases such as asthma, chronic obstructive pulmonary disease (COPD) and cystic fibrosis.[@ref6] Lung morphogenesis is a highly regulated process that may be affected by the both genetic and environmental factors *in utero*. Importantly, all known sex steroid hormone receptors have been shown to be expressed in lung tissue.[@ref7] Sex hormones appear to exert regulatory effects on human lung development before and during the neonatal period. The androgen receptor is expressed in mesenchymal and epithelial cells of the lung throughout the human lifespan, and branching morphogenesis of the human lung may be regulated in part by androgen.[@ref7]

The Hox gene is essential for normal development of the embryonic body plan.[@ref8] Several Hox genes are expressed at different time points in the developing lung[@ref8] and adult lung.[@ref8][@ref9] Furthermore, several studies showed that Hox genes control the development of digits as well as the differentiation of testes and ovaries,[@ref10] and that the ratio of second to fourth digit length (digit ratio) might be related to Hox gene expression.[@ref11] Digit ratios differ between males and females. The mean digit ratio is lower in males than females.[@ref12][@ref13][@ref14] This gender-associated difference may be due to changes in prenatal steroid concentrations.[@ref15] Thus, digit ratio is primarily determined during embryonic development[@ref15][@ref16] and changes little after sexual maturation.[@ref16][@ref17] Recently, it has been reported that digit ratio was associated with testosterone levels in infertile men[@ref18] and the risk of prostate cancer[@ref19] and penile length.[@ref20][@ref21]

A previous study reported that the digit ratio of the right hand is negatively correlated with the fetal testosterone to fetal estradiol ratio.[@ref15] A high level of fetal testosterone relative to fetal estradiol would therefore result in a low digit ratio. Also, Zheng and Cohn[@ref22] reported that the digit ratio is controlled by the balance of androgen to estrogen signaling during digit development.[@ref22][@ref23]

From the above findings, we could speculate that the patterns of digit formation may be associated with lung development and airway physiology. We consequently hypothesized that digit ratio might be related to lung function. Therefore, the aim of the current study was to investigate the relationships between digit ratio and pulmonary function test (PFT) findings.

MATERIALS AND METHODS {#sec1-2}
=====================

 {#sec2-1}

### Study participant selection {#sec3-1}

The study was approved by the Gachon University Gil Hospital Institutional Review Board (GIRBA2821--2012). A total of 245 South Korean patients (162 male, 83 female) aged from 34 to 90 years who were hospitalized for urological surgery at a single tertiary academic center were prospectively enrolled in our investigation. Informed consent was obtained from all participants. Patients with abnormal chest X-ray findings as well as those who had fingers amputated were excluded. Based on the smoking histories, 'never-smokers' were defined as those who had smoked on average \<1 cigarette per day for \<6 months or had never smoked. For the ever-smokers, pack-years were calculated to quantify tobacco use in which 1 pack-year was equivalent to smoking an average of 20 cigarettes per day for 1 year.

### Digit measurement {#sec3-2}

As described in our previous study,[@ref20] lengths of the second and fourth digits of the right hand were measured prior to the PFTs by a single investigator using a digital Vernier caliper accurate to 0.01 mm directly on the ventral surface of the fingers, from the crease proximal to the palm at the base of each digit to the digit tip. To minimize measurement errors, the mean values of two digit ratios that were calculated based on duplicate measurements were used for the analysis. The intraclass correlation coefficient of two repeated digit ratio measurements by a single investigator was 0.949. This finding demonstrated that direct measurement of the digit ratio using a digital Vernier caliper has acceptable repeatability.

### Pulmonary function tests {#sec3-3}

All 245 patients underwent spirometry before urological surgery. The tests were performed following the American Thoracic Society (ATS) guidelines.[@ref24][@ref25] We did not measure post-bronchodilator responses.

Spirometry is a physiological test that measures how an individual inhales or exhales volumes of air as a function of time. The most important aspects of spirometry are the forced vital capacity (FVC), which is the volume delivered during an expiration made as forcefully and completely as possible starting from full inspiration, and the forced expiratory volume in one second (FEV1), which is the volume delivered in the first second of an FVC maneuver. The predicted value is the result of a formula that takes into account the race, sex, age, height and weight of the person. The presence of a post-bronchodilator FEV1/FVC ratio less than 0.70 confirms the presence of persistent airflow limitation and thus of COPD.[@ref24][@ref25]

### Statistics {#sec3-4}

Relationships between the study variables were analyzed using Pearson\'s linear correlation. To identify the independent predictive factors influencing lung function, univariate and multivariate analyses were performed using linear regression modeling. Student\'s *t*-test was used to compare variables of the two study groups. All analyses were performed using Statistical Package for Social Sciences 12.0 (SPSS Inc., Chicago, IL, USA) and *P* \< 0.05 was considered statistically significant.

RESULTS {#sec1-3}
=======

 {#sec2-2}

### Participant characteristics {#sec3-5}

The characteristics of all 245 participants (162 male, 83 female) are summarized in [**Table 1**](#T1){ref-type="table"}. There were significant differences in study variables between male *vs* female. Men were younger than women (63.1 ± 7.0 *vs* 67.7 ± 9.6, *P* = 0.000). Digit ratios of men were higher than those of women (0.955 ± 0.035 vs 0.936 ± 0.030, *P* = 0.000). Of the PFT findings, FVC and FEV1 of men were higher than those of women. FVC% predicted, FEV1% predicted and FEV1/FVC ratio of men were lower than those of women ([**Table 1**](#T1){ref-type="table"}).

###### 

Characteristics of the study population

![](AJA-16-140-g001)

### Correlation study of males (n = 162) {#sec3-6}

Significant negative correlations were found between age and PFT findings (FVC: *r* = −0.451, *P* = 0.000; FEV1: *r* = −0.555, *P* = 0.000; FEV1/FVC ratio: *r* = −0.222, *P* = 0.005) ([**Table 2**](#T2){ref-type="table"}). Age, height, weight and smoking history (pack-years) was not significantly correlated with digit ratio (age: *r* = −0.066, *P* = 0.404; height: *r* = −0.031, *P* = 0.697; weight: *r* = −0.017, *P* = 0.831; smoking history (pack-years): *r* = −0.072, *P* = 0.365) ([**Table 2**](#T2){ref-type="table"}). However, significant positive correlations were found between digit ratio and lung function on univariate analysis using linear regression models (FVC: *r* = 0.156, *P* = 0.047; FVC% predicted: *r* = 0.166, *P* = 0.035; FEV1: *r* = 0.160, *P* = 0.042, FEV1% predicted: *r* = 0.160, *P* = 0.042) ([**Table 2**](#T2){ref-type="table"}). Furthermore, the multivariate analysis using linear regression models showed that digit ratio was still a significant factor for predicting lung function ([**Table 2**](#T2){ref-type="table"}). **Figures** [**1**](#F1){ref-type="fig"} **and** [**2**](#F2){ref-type="fig"} show the relationship between digit ratio and PFT findings (FVC and FEV1). Both FVC and FEV1 were found to be positively associated with digit ratio (**Figures** [**1**](#F1){ref-type="fig"} **and** [**2**](#F2){ref-type="fig"}).

###### 

Relationships between PFT findings and study variables in men (*n*=162)

![](AJA-16-140-g002)

![The relationship between digit ratio and forced vital capacity (FVC) in men. The digit ratio was found to be positively associated with FVC (*r* = 0.156, *P* = 0.047; y = 2.710x + 1.166, y: FVC, x: digit ratio).](AJA-16-140-g003){#F1}

![The relationship between digit ratio and forced expiratory volume in 1 second (FEV1) in men. The digit ratio was found to be positively associated with FEV1 (*r* = 0.160, *P* = 0.042; y = 2.446x + 0.402, y: FEV1, x: digit ratio).](AJA-16-140-g004){#F2}

### Correlation study of females (n = 83) {#sec3-7}

Significant negative correlations were found between age and PFT findings (FVC: *r* = −0.689, *P* = 0.000; FEV1: *r* = −0.696, *P* = 0.000; FEV1/FVC ratio: *r* = −0.254, *P* = 0.021) ([**Table 3**](#T3){ref-type="table"}). Age, height and weight was not significantly correlated with digit ratio (age: *r* = −0.169, *P* = 0.126; height: *r* = 0.183, *P* = 0.097; weight: *r* = 0.132, *P* = 0.236) ([**Table 3**](#T3){ref-type="table"}). Significant positive correlations were found between digit ratio and lung function (FEV1 and FEV1/FVC ratio) on univariate analysis using linear regression models (FEV1: *r* = 0.242, *P* = 0.027; FEV1/FVC ratio: *r* = 0.245, *P* = 0.026) ([**Table 3**](#T3){ref-type="table"}). However, the significance disappeared on multivariate analysis using linear regression models ([**Table 3**](#T3){ref-type="table"}).

###### 

Relationships between PFT findings and study variables in women (*n*=83)
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### Smoking {#sec3-8}

Out of the 162 men, 69 (42.6%) were ever-smokers. Mean smoking exposure of ever-smokers (*n* = 69) was 31.2 ± 13.4 pack-years. However, all the females were never-smokers. When the male patients were divided into two groups according to smoking habits (ever-smoker, *n* = 69; never-smoker, *n* = 93), no significant differences in age, height, weight, digit ratio, FVC, FEV1 or FEV1/FVC ratio between two groups were observed ([**Table 1**](#T1){ref-type="table"}).

Among ever-smokers (69 male), digit ratio was not found to be statistically associated with FVC or FEV1, and there was no evidence of a dose-response relationship between tobacco use and airflow obstruction. However, smoking volume (in pack-years) was significantly correlated with a decline in lung function (FVC: *r* = −0.335, *P* = 0.009; FEV1: *r* = −0.361, *P* = 0.005) ([**Table 4**](#T4){ref-type="table"}).

###### 

Relationship between digit ratio and PFT findings of the study participants according to smoking history

![](AJA-16-140-g006)

Among never-smokers (93 male, 83 female), significant positive correlations were found between digit ratio and lung function (Male: FVC: *r* = 0.196, *P* = 0.060; FVC % predicted: *r* = 0.215, *P* = 0.038; FEV1: *r* = 0.209, *P* = 0.044; FEV1% predicted: *r* = 0.249, *P* = 0.016; female: FEV1: *r* = 0.242, *P* = 0.027; FEV1/FVC ratio: *r* = 0.245, *P* = 0.026) ([**Table 4**](#T4){ref-type="table"}).

DISCUSSION {#sec1-4}
==========

In the present study, we found that lung function was related to digit ratio, which is reflective of prenatal steroid hormone activity in an individual. However, we observed that this relationship was modified by smoking history. A lack of correlation between the digit ratio and adult lung function among ever-smokers, unlike never-smokers, indicates that smoking *per se* rather than digit ratio has a stronger relation to lung function. In general, it is well-known that increasing age and smoking are major risk factors for airway obstruction.[@ref26] Furthermore, the association between smoking, accelerated loss of lung function and COPD is well-established.[@ref27]

Although cigarette smoking is known to be the major risk factor for COPD, 5%--10% of nonsmoking young adults and up to 30% of nonsmoking adults aged 60 or more have symptoms of COPD.[@ref28] Coupled with the finding that only a portion of smokers develops COPD with emphysema, these data clearly demonstrate that genetic susceptibility must play a significant part in COPD pathogenesis.[@ref6] Individuals who enter adult life with lung function deficits are more likely to develop COPD during the later adulthood.[@ref29] Therefore, poor airway function presenting shortly after birth is a risk factor for airflow obstruction development in early adult life, and it is possible that fetal determinants of airway function may predispose individuals to airflow obstruction and COPD.[@ref30] However, factors that determine normal or impaired pulmonary development *in utero* are not well-understood.

COPD has been traditionally regarded as a male-specific disease due to the difference in the prevalence of smokers between the sexes.[@ref31] Although there is controversy about the contribution of sex according to country,[@ref32][@ref33] male sex was an independent risk factor for COPD after adjustment for smoking in Korea (prevalence of COPD in nonsmoker: male 14.6% vs female 7.6%).[@ref34] Furthermore, accumulating evidence suggests that gender impacts the incidence, susceptibility and severity of COPD. Many studies have addressed the role of sex hormones in the pathogenesis of COPD. It is now known that human airway smooth muscle is actively involved in the inflammatory process crucial for COPD pathogenesis. Androgens appear to be detrimental in the pathogenesis of lipopolysaccharide-induced airway inflammation and hyperresponsiveness.[@ref35] On the other hand, estrogen suppresses lung inflammatory responses through its effects on vascular cell adhesion molecules and proinflammatory cytokines.[@ref36] In other words, male sex hormones promote lung inflammatory responses, while female hormones ameliorate these processes.[@ref35][@ref36]

Several studies on human lung development have indicated that *in utero* milieu may influence adult lung function. Sex hormones appear to regulate human lung development before and during the neonatal period. Androgen receptors are expressed in mesenchymal and epithelial cells of the lung throughout the human lifespan, and branching morphogenesis of human lung may be regulated in part by androgens.[@ref7] Considerable experimental animal data suggest that sex hormones have a role in regulating lung development. Androgens have been shown to have inhibitory effects while estrogens were found to exert stimulatory effects.[@ref1]

Respiratory distress syndrome mainly results from surfactant production deficiency related to incomplete fetal lung maturation at birth.[@ref37] In many species, lung maturation as measured by surfactant production is delayed in male fetuses compared with female fetuses.[@ref38] Maternal administration of estrogen accelerates lung maturation and stimulates surfactant production in fetal rabbits and rats.[@ref39] The earlier appearance of surfactants in female neonatal lungs favors the patency of small airways and airspaces, and may contribute to their higher airflow rate and lower airway resistance compared to neonatal males.[@ref40] Thus, a higher incidence of respiratory distress syndrome was reported in male versus female preterm neonates (1.7:1) more than 30 years ago.[@ref41] These mean that females get better results than males during lung development.[@ref5][@ref38][@ref39][@ref40] Female lungs tend to be smaller and weigh less than those of males, and on average may contain fewer respiratory bronchioles at birth.[@ref42] These minor differences in lung structure and development can have major impacts on respiratory health in later life, demonstrating that gender and sex hormones are critical modulators of normal human lung development and maturation.

In our study, adult lung function was associated with digit ratio, which is reflective of *in utero* milieu (prenatal androgen exposures). These findings are supported by ones from studies about racial differences in *in utero* milieu and lung function between white and black males. The *in utero* milieu of black males is different from that of whites. Black women have higher maternal testosterone levels than white women.[@ref43] Additionally, a short CAG repeat length on the androgen receptor gene, which is related to high activity of androgen receptor, was associated with African-American rather than white men.[@ref44] The digit ratio of blacks is also lower than that of whites.[@ref45] Additionally, the Third National Health and Nutrition Examination Survey (1988--1994) and the Multi-Ethnic Study of Atherosclerosis Lung Study (2000--2006) showed that the mean lung function of never-smoking participants without respiratory diseases or symptoms was lower for African-Americans than whites after adjusting for age, gender and height.[@ref46] These findings indicated that the lower lung function of black men might be related to the *in utero* milieu of black men.

In another study, lung function during early adulthood was found to be associated with airway function measured shortly after birth.[@ref30] Between 1980 and 1984, investigators conducting the Tucson Children\'s Respiratory Study measured maximal expiratory flow at functional residual capacity (Vmax (FRC)) in 169 non-selected infants (mean age: 2.3 ± 1.9 months) using the chest compression technique. Lung function was again measured at least once when the study subjects were 11-, 16- and 22-years-old. Up to the age of 22, participants who had infant Vmax (FRC) values in the lowest quartile also had lower values for the FEV1/FVC ratio (−5.2%, *P* \< 0.0001), FEF25-75 (−663 ml s^−1^, *P* \< 0.0001) and FEV1 (−233 ml, *P* = 0.001) than those in the upper three quartiles combined after adjusting for height, weight, age and gender. These results indicated that decreased airway function observed shortly after birth might be related to airflow obstruction in young adults, and that COPD development could possibly start during the fetal stage.[@ref30]

Based on the evidence above, we hypothesized that patterns of digit formation may be associated with lung development and airway physiology. One of the novel findings of our study was that adult lung function is related to digit ratio, which is reflective of prenatal steroid hormone activity among individuals. In the present study, participants with a lower digit ratio tended to have decreased lung function (**Tables** [**2**](#T2){ref-type="table"}-[**4**](#T4){ref-type="table"})\]. In males, univariate and multivariate analysis using linear regression models showed that digit ratio was a significant predictive factor for FVC and FEV1 (FVC: *r* = 0.156, *P* = 0.047; FEV1: *r* = 0.160, *P* = 0.042) ([**Table 2**](#T2){ref-type="table"}). These results suggest that digit ratio is related to airway physiology influenced by sex hormones, and that the *in utero* milieu might impact adult lung function.

Unlike male, digit ratio, when adjusted for other factors, is not an independent predictive factor for adult lung function in women ([**Table 3**](#T3){ref-type="table"}). However, significant positive correlations were clearly found between digit ratio and lung function (FEV1 and FEV1/FVC ratio) on univariate analysis using linear regression models (FEV1: *r* = 0.242, *P* = 0.027; FEV1/FVC ratio: *r* = 0.245, *P* = 0.026) ([**Table 3**](#T3){ref-type="table"}). These results also suggest that digit ratio is related to lung function in women.

Our data in the present study were against a background of numerous research demonstrating negative relationships between digit ratio and sports performance.[@ref47][@ref48][@ref49] To date, it has been suggested that among several components of physical fitness (e.g., cardiorespiratory fitness, muscle strength and endurance, flexibility and glucose tolerance),[@ref50] athletes' maximal ability to consume oxygen (VO~2max~) is an important determinant of long distance running speed.[@ref51] Hill *et al*.[@ref52] suggested that VO~2max~ explained the relationship between digit ratio and sports performance. They showed that low right-left digit ratio is associated with high VO~2max~ in a sample of teenage boys.[@ref52] However, these studies about digit ratio did not investigate the direct association with lung function but investigated the relationship with sports performance. Actually, lung function is not directly related to VO~2max~. FEV1 has served as an important diagnostic measurement of COPD, but has not been found to correlate with exercise capacity in patients with chronic airway obstruction.[@ref53][@ref54] In general, it has been known that the major factors limiting VO~2max~ is O~2~ transport by the circulation.[@ref55][@ref56] Actually, alveolar ventilation is negligible in normoxia.[@ref56]

Unlike previous studies about digit ratio,[@ref12][@ref57] the women in the present study had lower digit ratios than the men (0.936 ± 0.030 vs 0.955 ± 0.035, *P* = 0.000) ([**Table 1**](#T1){ref-type="table"}). In addition, the mean value of the females' digit ratio was lower than that of males in our previous studies (0.952,[@ref19] 0.97,[@ref20] 0.951,[@ref58] and 0.948[@ref59]. However, in one study conducted among 664 (332 males, 332 females) university students (mean age: male: 22.4 years, female: 21 years), the digit ratio in Korean men was significantly lower than that of Korean women (0.96 *vs* 0.97, *P* \< 0.001).[@ref60] We could not properly explain why this was. However, we think that the characteristics of the study population might be one possible explanation. The participants of the present study were not a general population but urological patients who were hospitalized for urological surgery at a single tertiary academic center. Furthermore, unlike many other studies about digit ratio,[@ref12][@ref57] the age of the study population in the present study is very high (male: 63.1 ± 7.0 years; female: 67.7 ± 9.6 years) ([**Table 1**](#T1){ref-type="table"}). However, there are not enough data from the present study to speculate about why females have a lower digit ratio than males.

We performed this study based on the assumption that digit ratio is reflective of steroid hormone activity among individuals. Thus, we did not directly measure the steroid hormone activity in the study participants and only calculated digit ratios. In other words, we only indirectly assessed the relationship between PFT findings and steroid hormone activity indicated by the right hand digit ratio. We believe that this is a limitation of our study. Nevertheless, we are confident that our results provide sufficient evidence about the relationship between steroid hormone activity and adult lung function.

Another limitation is that we enrolled patients from a very specific setting, and this lacks generalizability of the observations to other populations, given the limited demographics of the study population. However, in our data, the prevalence of airway obstruction (FEV1/FVC ratio \<70%) were 24.7% in men and 8.4% in women ([**Table 1**](#T1){ref-type="table"}), which was similar to previously reported COPD prevalence among Korean adults over the age of 45 years (men: 25.8%, women: 9.6%).[@ref34]

CONCLUSIONS {#sec1-5}
===========

Our study demonstrated that patients with lower digit ratios tend to have decreased lung function. The results suggest that digit ratio, along with smoking and increasing age, is a predictor of airway function and that the *in utero* milieu might impact adult lung function. These findings have important public health implications.
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